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The Wnt/β-catenin signaling pathway is crucial in animal development from sponges to humans. Its activity in the
adulthood is less general, with exceptions having huge medical importance. Namely, improper activation of this
pathway is carcinogenic in many tissues, most notably in the colon, liver and the breast. On the other hand, the
Wnt/β-catenin signaling must be re-activated in cases of tissue damage, and insufficient activation results in
regeneration failure and degeneration. These both medically important implications are unified by the emerging
importance of this signaling pathway in the control of proliferation of various types of stem cells, crucial for tissue
regeneration and, in case of cancer stem cells – cancer progression and relapse. This article aims at briefly reviewing
the current state of knowledge in the field of Wnt signaling, followed by a detailed discussion of current medical
developments targeting distinct branches of the Wnt pathway for anti-cancer and pro-regeneration therapies.
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The Wnt signaling plays instrumental roles in animal de-
velopment [1]. This type of intracellular signaling appar-
ently was ‘invented’ together with (or in requirement for)
animal multi-cellularity, as its architecture and compo-
nents are already present in the simplest metazoans such
as sponges and ctenophores [2,3]. The pathway is initiated
by secreted lipoglycoproteins of the Wnt family, of which
19 members exist in humans. Given the numerous post-
translational modifications and the need for a tightly con-
trolled manner of Wnt diffusion through the tissue, the
secretion apparatus within the Wnt-producing cells is ra-
ther complex [4]. In the signal-receiving cells, Wnt acti-
vates a receptor of the Frizzled (FZD) family (10 members
in humans) and a LRP5/6 co-receptor (2 members in
humans). While LRP5/6 are single-transmembrane pro-
teins, FZDs possess seven transmembrane domains and
belong to the G protein-coupled receptor (GPCR) super-
family [5]. Although initially questioned as functional
GPCRs, FZDs in recent years have been clearly demon-
strated, by genetic and biochemical means, to signal
through heterotrimeric G proteins [6-11]. Together with
the latter, a cytoplasmic protein Dishevelled (Dvl) acts
as an immediate transducer of the signal from the* Correspondence: vladimir.katanaev@unil.ch
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article, unless otherwise stated.receptors [12]. Both types of transducers act on Axin
[13,14] – a key component of the β-catenin-destruction
complex also including the protein APC and kinases
GSK3β and casein kinase. The function of this complex
is to phosphorylate cytoplasmic β-catenin, targeting it
for ubiquitin-dependent proteasomal degradation [15].
With dysfunctional Axin, the destruction complex be-
comes inactive, leading to accumulation of β-catenin, its
translocation to the nucleus, and activation of LEF/TCF-
dependent transcription [16] (Figure 1). Among Wnt-
target genes are pro-proliferative c-Myc and cycD1 [17]. In
addition to the pathway directly initiated from the plasma
membrane, Wnt-receptor complexes can also be internal-
ized, in a heterotrimeric G protein- and Rab5-dependent
manner, into signaling endosomes, which is required for
the amplification of the signaling strength [18,19].
The β-catenin-dependent Wnt signaling pathway de-
scribed above is often referred to as the “canonical” Wnt
signaling. In addition to it, a group of “non-canonical”,
β-catenin-independent pathways can be initiated by
Wnt/FZD complexes [20]. They can increase concentra-
tion of intracellular calcium ions and regulate the cyto-
skeleton and ultimately – cell polarity and motility. They
can also antagonize the β-catenin-dependent signaling in
certain contexts [21]. Apart from heterotrimeric G pro-
teins and Dvl, no other components of the β-catenin-
dependent pathway are involved in “non-canonical” sig-
naling. Our review will only episodically touch upontral Ltd. This is an Open Access article distributed under the terms of the
/creativecommons.org/licenses/by/4.0), which permits unrestricted use,
, provided the original work is properly credited. The Creative Commons Public
mons.org/publicdomain/zero/1.0/) applies to the data made available in this
Figure 1 Schematic representation of the Wnt/β-catenin signaling pathway and the oncology-indication drug candidates discussed in
the paper. The molecular targets (where known) of the small molecule and antibody-based drug candidates are shown.
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the Wnt/β-catenin pro-proliferative branch.
The Wnt/β-catenin signaling is repeatedly used during
animal development. Given this important developmen-
tal function, the role of this pathway in regulation of
stem cell proliferation and differentiation, which emerges
as a unifying function of this pathway in the adult, both in
the physiological and pathological contexts, is not surpris-
ing. Initially Wnt/β-catenin signaling has been shown
to be crucial for the maintenance and self-renewal of
hematopoietic cells [22]. This discovery was corroborated
by subsequent findings of the necessity of this pathway for
proliferation of neuronal [23], embryonic [24], mammary
[25], intestinal [26] and other types of stem cells. Finally,
the role of Wnt/β-catenin signaling in cancer stem cells
(CSCs) has also emerged [27]. These discoveries form the
basis for the translational efforts of targeting (suppressing
or activating) the Wnt/β-catenin signaling in anti-cancer
and regeneration therapies, discussed below.
Review
Development of anti-cancer drugs targeting the
Wnt/β-catenin pathway
The Wnt/β-catenin signaling pathway as a target of anti-
cancer drugs has attracted attention of biotech companies
relatively recently. This field received a special attention
when it became clear that this signaling plays a major role
in CSC proliferation. CSCs have been implicated in tumor
maintenance and relapse after surgical resection. The CSCpool is self-renewing and this process is largely driven by
re-activation of embryonic programs mediated by Wnt,
Hedgehog and Notch signaling pathways and the mTOR
signaling hub [27,28].
A large number of preclinical experiments demon-
strated that inhibition of Wnt/β-catenin signaling can
affect cancer cell growth and survival (for review see
[29]). While mutations in the Wnt/β-catenin pathway
are responsible for certain types of cancers, most notably
APC mutations in colorectal cancer [30], many cancers
driven by overstimulation of this signaling do not harbor
mutations in its components. For example, the study of
245 invasive breast carcinomas has identified a subgroup
with triple-negative phenotype (ER-, PgR-, HER2-) where
β-catenin was accumulated in the nucleus, which is a hall-
mark of Wnt/β-catenin pathway activity. However, no
β-catenin mutation has been found in all triple-negative
carcinomas analyzed [31]. Therefore constitutive receptor
stimulation can account for hyperactive Wnt signaling in
the absence of activating mutations in the components of
the pathway.
Most current anti-cancer drugs, small molecule inhibi-
tors and monoclonal antibodies (mAbs), are designed to
target rapidly proliferating cells which represent com-
mitted cancer cells but not CSCs. Sorafenib, a small
molecule inhibitor of multiple tyrosine kinases involved
in tumor proliferation, is used in the treatment of acute
myeloid leukemia (AML). There it is supposed to inhibit
FMS-like kinase overexpressed in almost all cases of
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fectively reduces the number of mature AML progeni-
tors but fails to eradicate AML stem cells and primitive
progenitors [32]. Trastuzumab is an example of a mAb.
It targets the HER2 receptor overexpressed in one quarter
of breast cancers. Trastuzumab monotherapy has only a
30% response rate and acquired resistance to trastuzumab
occurs frequently. Trastuzumab has been shown to be ef-
fective only in the context of PI3K signaling and in the
presence of PTEN, but CSCs display the aberrant former
and the absence of latter [33]. Since current cancer ther-
apies fail to eradicate CSCs, selective targeting of CSCs
would be a promising therapeutic strategy.
Small molecules targeting the Wnt/β-catenin pathway
Significant efforts are made world-wide to develop potent
inhibitors of the Wnt/β-catenin signaling, but only few
of these have made it to reach clinical trials. Small-
molecule inhibitors identified in a number of high-
throughput screens can be classified into four groups:
β-catenin/TCF-antagonists, modulators of transcription
co-activator, Dvl binders, and other mechanism-based
inhibitors [34] (Figure 1 and Table 1).
Among small molecules the leading class is the Porcu-
pine inhibitors, as exemplified by LGK974 (Novartis) [35].
Porcupine is a membrane-bound O-acetyltransferase re-
quired for acylation of Wnt molecules, and inhibition of
this enzyme results in reduced or abolished Wnt secretion
[36]. LGK974 is now in clinical Phase I for the following
conditions: melanoma, breast cancer (triple-negative),
pancreatic adenocarcinoma, colorectal cancer, head and
neck cancers. Additionally patients with other tumor
types with documented genetic alterations upstream in
the Wnt/β-catenin signaling pathway are being recruited
(www.clinicaltrials.gov).
Another class of compounds inhibits tankyrases (TNK1
and 2) – enzymes among other functions found to
destabilize Axin. TNK inhibition results in prevention of
β-catenin accumulation. Examples are XAV939 from
Novartis [37] and G007-LK from Roche [38]. The active
development of TNK inhibitors is pursued for twoTable 1 Current status of clinical trials of biologics specifically
Name/company Target Agent
OTSA101 (Centre Léon
Bérard, OncoTherapy Science)
FZD10 mAb
OMP-54F28 (Oncomed Pharma) Wnt Fzd8-Fc
(scavenging rece
Vantictumab (Oncomed
Pharma)
FZD1, 2, 5, 7, 8 mAb
Foxy-5 (WntResearch AB) FZD5 Peptidereasons: first, Axin is the rate-limiting component of the
β-catenin destruction complex [39]; second, Axin muta-
tions and increased β-catenin levels are associated with
various types of cancer [40]. In cancers with mutated
Axin or APC, the upstream antagonists acting on Wnts
or their receptors may be less effective. However, the
full potential of the antitumor activity of TNK inhibitors
may be limited by intestinal toxicity associated with in-
hibition of Wnt/β-catenin signaling and cell prolifera-
tion in intestinal crypts [38].
During activation of β-catenin-dependent gene tran-
scription, the complex of β-catenin and LEF/TCF recruits
additional factors for chromatin remodeling, like CBP and
p300, which possess the histone acetyltransferase activity.
Association of β-catenin with histone acetylases can be
antagonized by several compounds. One of them, PRI-724
(Prism Pharma) has reached clinical trials in AML and ad-
vanced solid tumors. It is a small molecule that selectively
inhibits the histone deacetylase CBP/β-catenin complex,
blocking expression of the Wnt/β-catenin pathway-
dependent pro-growth and pro-survival genes. PRI-724
exhibits a selective antiproliferative effect, inhibiting vari-
ous cancer cell lines in vitro and substantially inhibiting
tumor growth in animal studies (http://clinicaltrials.gov/
show/NCT01302405).
Already approved drugs with well-established safety
profile find a far easier way to clinical trials for a differ-
ent indication. Niclosamide is an anti-helminthic drug
used in humans for nearly 50 years. In 2009, it emerged
as a compound that inhibits Wnt3a-stimulated β-catenin
stabilization and TCF/LEF reporter activity in osteosar-
coma cell line. This was a result of screening of an FDA-
approved drug library for compounds that would promote
endocytosis of FZD1 [41]. In vitro, niclosamide treatment
reduced the levels of LRP6 and β-catenin, and in vivo it
had a suppressive effect on basal breast cancer xenografts
[42,43]. Despite these observations, niclosamide is not
ready yet for clinical trials for oncology indications. As an
approved drug it is given orally and is only partially
absorbed from the gastrointestinal tract, therefore novel
derivatives are needed to improve the bioavailability oftargeting the Wnt/β-catenin pathway (ligands or receptors)
Conditions Clinical
phase
Synovial sarcoma. Antibody-radionuclide
conjugate (90Y)
I
ptor)
HCC, liver cancer, ovarian cancer, pancreatic
cancer, other solid tumors
I
Solid tumors (completed), NSCLC, metastatic
breast cancer, pancreatic cancer, (active, as a
combination with chemiotherapy)
I
Metastatic breast cancer, colorectal cancer,
prostate cancer
I
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mide administration requires comprehensive investigation
regarding the safety and the possibility of systemic appli-
cation [43]. Other potential anti-Wnt drug candidates
emerge from screening of FDA-approved compounds; the
anti-leprosy drug clofazimine has recently been discovered
as a potent inhibitor of Wnt/β-catenin signaling and
proliferation of Wnt-dependent triple negative breast
cancer cells [44].
Wnts as targets
Although there has been a number of reports where
Wnt proteins were targeted directly by antibodies (see
for example [45,46]), none of the anti-Wnt mAbs is cur-
rently visible even in the pre-clinical pipelines of pharma
companies. Another way to neutralize Wnt ligands is
chosen by the company OncoMed Pharmaceuticals. Its
candidate biologic OMP-54F28 is a fusion between the
Wnt-binding CRD domain of FZD8 and the Fc-fragment
of IgG. OMP-54F28 works as a scavenger for Wnt pro-
teins (apparently several of the family) preventing them
from binding to endogenous membrane-bound FZDs [47].
Surprisingly, despite pronounced reduction of xenograft
tumor growth in mice, OMP-54F28 treatment did not vis-
ibly change the levels or cellular localization of β-catenin
in xenograft tissues. This suggests that although changes
in β-catenin may have been too small to detect by immu-
nohistochemistry, the attenuation of Wnt/β-catenin sig-
naling was sufficient to inhibit the tumor growth. More
importantly, this study has shown no adverse effects in
the skin and intestine (http://www.oncomed.com/Pipeline.
html) (but see section “Safety of Wnt pathway targeting”
below).
FZDs as targets
The FZD family of GPCRs provides a large and practic-
ally untapped source of potential targets for therapeutic
interventions [48]. A number of pharma companies are
searching for novel GPCR-interacting molecules. The
most high-throughput approach is the screening of small
molecule chemical libraries to identify candidate thera-
peutics. Yet, in the past decade the number of small mole-
cules targeting GPCRs that were approved as therapeutics
has been very low. The high attrition rate in preclinical
and clinical studies, credited to toxicity, low efficacy or
selectivity puts an enormous burden on drug discovery
budgets. In contrast to that, protein biologics, such as
monoclonal antibodies (mAbs), have several advantages as
therapeutics. They are highly selective and have much lon-
ger half-lives than small molecules [49,50].
Peptide fragments of Wnt ligands, binding to the CRD
domain of FZD receptors, have been proposed as poten-
tial therapeutic agents. Indeed, in vitro experiments indi-
cate that these peptides can compete with full-lengthWnts and attenuate canonical signaling. However one
can doubt their value even in animal model preclinical
studies, since the rapid clearance of non-modified peptides
would prevent any lasting effect on cancer cells. Such an-
tagonist mimetics of Wnts would need to be modified, for
example by PEGylation or formylation, to effectively in-
crease their half-life, before considering them as thera-
peutic candidates. A hexapeptide Box5, derived from
Wnt5a and stabilized by the N-butyloxycarbonyl group,
has been developed to antagonize Wnt5a-stimulated me-
tastasis in melanoma [51]. In contrast to its activity in
melanoma, Wnt5a shows tumor-suppressing activity in
the breast, and restoring this protein can suppress mi-
gration of breast cancer cells – activity recapitulated by
a formylated hexapeptide Foxy-5 also derived from
Wnt5a [52,53]; this drug candidate is currently in phase
I clinical trials.
FZD10 has a very restricted expression pattern; it is un-
detectable in normal human tissues except placenta, but
up-regulated in synovial sarcomas. Taking this oppor-
tunity, OncoTherapy Science has developed a chimeric
humanized mAb against FZD10, named OTSA101. Non-
radiolabeled OTSA101 antibody has only weak antagonis-
tic activity on synovial sarcoma cell growth. However,
Yttrium 90-radiolabeled OTSA101 (OTSA101-DTPA-90Y)
showed significant antitumor activity following a single
intravenous injection in mouse xenograft model [54] and
is now in Phase I clinical studies.
FZD7 is the Wnt receptor most commonly up-regulated
in a variety of cancers including colorectal cancer, hepato-
cellular carcinoma (HCC) and triple negative breast can-
cer [55]. It has been demonstrated that siRNA (small
interfering RNA) knockdown of FZD7 displayed anti-
cancer activity in vitro and in vivo due to the inhibition of
the canonical Wnt signaling pathway [56]. While siRNA
approach remains to be problematic in clinic for a number
of reasons, anti-FZD mAb named vantictumab is one of
the lead protein biologics in the Oncomed Pharmaceuti-
cals pipeline for oncology indications. This antibody was
initially identified by binding to FZD7’ CRD domain and
ability to inhibit Wnt3a-induced signaling in a cell-based
assay. In addition to FZD7, vantictumab also binds to four
other FZD receptors (out of ten encoded by the human
genome) – restricting its selectivity (see below). In mouse
xenograft models of several types of solid tumors (among
them pancreatic, colon cancers, and triple-negative breast
cancer), vantictumab as a monotherapy demonstrated just
a decrease in the tumor growth rate. On the other hand,
combined treatment with cytotoxic chemotherapy pro-
duced in some tumor types not only a dramatic tumor
shrinkage but also tumor cell differentiation and reduction
of CSC numbers [57]. The interim data of vantictumab
clinical trials (Phase I) have been reported in 2013–2014
at various conferences (a collection of posters can be
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mab has clear pharmacodynamics effects on expression of
stem cell and differentiation genes in the tumor, as well as
in hair follicles and bones. The initial enthusiasm however
has recently diminished when clinical trials were put on
hold (see section “Safety of Wnt pathway targeting” below).
Secreted Frizzled-related proteins (sFRPs) have also
been in focus as targets for cancer therapy. There are
conflicting reports in the literature as to whether sFRPs
are antagonists or agonists of Wnt/β-catenin signaling
[58-60]. For example, sFRP2 is over-expressed in human
angiosarcoma and breast cancer and stimulates angiogen-
esis via activation of the calcineurin/NFATc3 pathway.
Recently, sFRP2 has been assessed as a viable therapeutic
target [61]. sFRP2 mAb has been shown to induce anti-
tumor and anti-angiogenic effects in vitro and inhibit acti-
vation of β-catenin and nuclear factor of activated T-cells
c3 (NFATc3) in endothelial and tumor cells. sFRP2 mAb
treatment of angiosarcoma allografts or MDA-MB-231
breast carcinoma xenografts in nude mice significantly
reduced tumors volume. Given that this mAb preferen-
tially accumulates in sFRP2-positive tumors and is long
circulating in the blood, it may be a good candidate for
clinical studies.
Even more perspective would be an approach combin-
ing two or more targeted therapies. In this respect a recent
study by Birchmeier and colleagues [62] is of a particular
interest. The authors have generated a compound mutant
mouse model of aggressive basal breast cancer, combining
the activation of β-catenin and HGF (Wnt-Met signaling).
They identified the chemokine system CXCL12/CXCR4
as a crucial driver of these tumors. Molecular therapy tar-
geting Wnt, Met and CXCR4 significantly delayed tumor
development in mice. Moreover, the gene signature identi-
fied in these model tumors was found to be predictive of
poor survival in human patients with ER-negative breast
cancers. Although the small molecule inhibitors used in
this study are only prototypes of the possible future
drugs, the outlook is promising. In such a combination
therapy, inhibition of the Wnt/β-catenin pathway would
stop self-renewal program of CSCs, while suppressing
CXCR4 signaling would lead to differentiation of cancer
propagating cells.
Regeneration
The Wnt/β-catenin pathway is known to be essential for
stem cell proliferation. While life-threatening in the con-
text of CSCs, this fact underlies the importance of the
pathway in regenerative processes in many tissues, such
as the liver, brain, muscle, skin and bone. This makes Wnt
pathway agonists desirable candidates for regeneration-
enhancing therapies, and some have already shown their
regenerative effects. We will review the role of different
branches of the Wnt pathway (but mostly Wnt/β-catenin)separately for different organs and tissues, paying special
attention to the therapeutic potential and successful
practical applications of activators of the Wnt signaling
(Figure 2 and Table 2).
Liver
The Wnt/β-catenin signaling is known to be involved in
liver organogenesis during embryonic development [63]
and is active at all stages of the organogenesis, activating
cell proliferation through c-Myc and cycD1 and regulating
hepatocyte differentiation via an interplay with HNF4,
C/EBPa, BMP4, and some other pathways [64,65].
In the normal adult liver the Wnt/β-catenin pathway is
generally inactive, and β-catenin undergoes phosphoryl-
ation and subsequent degradation [66]. Nevertheless, re-
activation of the pathway has been shown as one of the
driving forces essential for liver regeneration, in terms of
liver stem cells proliferation and differentiation [67].
In the liver, the role of stem cells is known to be played
by adult hepatic progenitor cells also known as oval cells
[68]. The oval cells have been shown to participate in re-
generation and in a range of human liver diseases, such as
HCC. The nature of liver oval cells is bi-potential as they
have been shown to differentiate toward both the hepatic
and bile ductular epithelial lineages in the liver [69]. It has
been demonstrated that active Wnt/β-catenin signaling in
the liver occurs preferentially within the oval cell popula-
tion, and forced over-expression of a constitutively active
β-catenin mutant drives expansion of the oval cell popula-
tion in the regenerating liver [70]. The dual role of the
Wnt/β-catenin pathway in regulating the fate of the oval
stem cells has been shown by demonstration that Wnt1
can induce their differentiation to hepatocytes in a rat
liver regeneration model [71]. This example indicates the
tissue-specific importance of certain Wnt ligands as candi-
dates for the use in regenerative medicine.
The importance of Wnt/β-catenin signaling for the
liver regeneration has been shown in a series of other
observations focusing on different levels of regulation of
the Wnt cascade. For example, it has been demonstrated
that Wnt-dependent regeneration in the liver can be con-
trolled by an endogenous long non-coding RNA, which
activates Wnt/β-catenin signaling by inhibiting expression
of Axin. This action of the non-coding RNA leads to en-
hanced hepatocyte proliferation during liver regeneration
[72], showing the potential for the therapeutic use of Wnt
pathway-related non-coding regulatory RNAs in the treat-
ment of liver diseases.
Several examples demonstrating the interplay of the
Wnt/β-catenin pathway with other signaling cascades
during liver regeneration have recently been described.
The TGFβ family-related protein SMAD6 is able to sup-
press the Wnt/β-catenin signaling in the liver acting at the
β-catenin-TCF-promoter interaction; down-regulation of
Figure 2 Schematic representation of the Wnt/β-catenin signaling pathway and the regeneration therapy drug candidates discussed in
the paper. The molecular targets (where known) of the small molecule and antibody-based drug candidates are shown.
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and self-renewal of the hepatic progenitor cells [73]. The
Wnt/β-catenin pathway also interacts with Hedgehog
signaling in the liver, being able to stimulate expression
of the transcription factor Gli1 which is a downstream
effector of the Hedgehog pathway. Gli1 on its turn
up-regulates cycD1 causing enhanced hepatocyte prolif-
eration [74].
Given the importance of Wnt/β-catenin signaling for
hepatocyte proliferation and differentiation, therapeutic
intervention in the Wnt signaling pathway appears as a
promising tool for liver regeneration. The first successful
attempts have been already made. Liver cells expressing
Lgr5, a marker of actively dividing stem cells in Wnt-
driven self-renewing tissues, are able to clonally expand
in vitro from single cells and form transplantable “orga-
noids”, retaining many characteristics of the original
epithelial architecture, under the influence of a Wnt syn-
ergist R-spondin1 which acts as a Dkk1 competitor [75].Table 2 Current status of regeneration-related clinical trials o
Wnt/β-catenin pathway
Name/company Target Agent
Wnt3a (China Medical University Hospital) FZDs Native Wnt3a
AMG785 (Amgen) Sclerostin mAb
Valproic acid (Seoul National University
Hospital)
GSK-3β Valproic acid
AMG 162 (Amgen) Dkk1 mAb
HSC (Histogen) multiple Wnt7a-containiSuch approaches are paving the way to future de novo
growth of transplantable organs.
A therapeutic effect of a small molecule Wnt/β-
catenin pathway agonist, 2-amino-4-(3,4- (methylenedioxy)
benzylamino)-6-(3-methoxyphenyl)pyrimidine (2-AMBMP),
has been demonstrated in the hepatic ischemia model in
rats. The drug blunted the ischemia-induced elevation
of aspartate aminotransferase and alanine aminotransfer-
ase levels, increasing cell proliferation rate and decreasing
negative effects such as inflammation and apoptosis, and
reduced the death rate in general [76]. As small molecules
are often a cheap and convenient substitution for natural
effector proteins, such the therapeutic approach represents
a promising strategy for the liver regeneration therapy.
Bone
Wnt signaling is known to be a key regulator of bone
tissue growth in embryos and in the adult [77]. It is es-
sential for osteocyte formation from stem cells [78] andf biologics and small molecules targeting the
Conditions Clinical phase
Primary Disease recruiting
Bone Fracture Healing, Osteoporosis II
Androgenetic Alopecia II
Male Pattern Baldness
Osteoporosis II
ng complex Androgenetic Alopecia II
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hanced Wnt/β-catenin signaling increases bone volume
and causes hyperostosis and pathological bone thicken-
ing (sclerosing bone dysplasia) [79-82]. Such effects are
achieved by stimulating the bone-forming osteoblast
activity [83,84], by inhibiting the bone disassembling
osteoclast function [85,86], and by differentiation of di-
verse pluripotent stem cells toward osteoblasts [87-89].
It has been reported that a number of components of
the Wnt/β-catenin pathway, such as the ligands Wnt4,
Wnt5a, Wnt10b, Wnt11, and Wnt13, the receptors
FZD1, 2, 4 and 5, the co-receptors LRP5 and LRP6, β-
catenin, and the Wnt target genes, such as the osteoblast
differentiation-associated transcription factor Runx2, are
up-regulated in the fracture calyx during bone regener-
ation [90-94]. It needs be highlighted that not only β-
catenin-dependent Wnt signaling takes part in the bone
tissue growth, but other branches of the pathway control
it as well. It has recently been shown that β-catenin-
independent signaling through Wnt5a-FZD9 is signifi-
cantly up-regulated during the early stages of osteoblast
differentiation [95] and is reactivated in the regenerat-
ing bone, being essential for the fracture healing in a
femur osteotomy model in Fzd9
−/− mice [96]. The β-
catenin-independent Wnt5a signaling has been reported
to efficiently promote trans-differentiaon of adipopro-
genitors into osteoblasts in culture by suppressing per-
oxisome proliferator-activated receptor (PPAR)-γ, a key
adipogenesis-stimulating transcription factor, and by
activating Runx2 [97]. Wnt5a+/− mice demonstrate de-
creased trabecular bone mass in the femurs, and mice
homozygous for the loss-of-function mutation in Wnt5a
show truncation of the proximal skeleton and lacking of
distal digits [98]. The β-catenin-independent Wnt5a sig-
naling has been also shown to inhibit apoptosis of differ-
entiated osteoblasts and their progenitors, comparable to
the anti-apoptotic effects of signaling by Wnt3a and Wnt1
involving β-catenin [99].
Taken together, these data suggest that Wnt signaling
modulators could be used as therapeutic agents to stimu-
late bone formation after injury or disease. Currently two
strategies are exploited to find an effective Wnt-based
bone regenerative therapy. The first involves reduction of
the action of native Wnt signaling inhibitors endogenously
present in the organism, which in turn would enhance the
intrinsic Wnt activity. In this regard, activation of Wnt
signaling by neutralizing antibodies against the Wnt in-
hibitors Dkk1 [100] and sclerostin [101-104] has been
shown to improve bone healing in mice. sFRP1 is also a
Wnt inhibitor and a promising target for bone regener-
ation therapy [105].
Another way to promote Wnt signaling in order to
boost the bone tissue growth is a direct use of exogen-
ous Wnts or other pathway agonists. Although nativeWnt proteins are hard to use due to their low solubility, a
successful attempt has been recently made with liposome-
loaded Wnt3a, which upon application to the injury site
has caused a ca. 3.5-fold increase in the bone regeneration
rate in mice [106]. A clinical trial, sponsored by the China
Medical University Hospital (Taiwan), is being initiated to
study the osteogenic effects of human mesenchymal stem
cells enhanced by Wnt3a charged on hydroxyapatite nano-
particles (http://clinicaltrials.gov/show/NCT01323894).
Stimulation of murine bone regeneration has been also
obtained by application of LiCl [92], and similar effects on
rat bone regeneration have been observed using Li2CO3
[107]. Li+ is a well-known inhibitor of GSK3β – a key en-
zyme targeting β-catenin for proteosomal degradation –
and thus activator of the Wnt pathway; however, it is less
specific than Wnt proteins or other pathway agonists and
therefore may cause more side effects. In general it can be
stated that Wnt signaling in the bone tissue is well stud-
ied, leading to a big variety of possible artificial modula-
tions of the pathway to improve bone healing and to treat
bone diseases.
Skeletal muscle
The role of Wnt/β-catenin signaling in the skeletal muscle
remains controversial. In the adult, the β-catenin-
dependent Wnt pathway has been suggested to control
myogenic lineage progression by limiting Notch signal-
ing and thus promoting differentiation [108,109], in par-
ticular through Myf5 and MyoD growth factors [110].
Other data demonstrate that Wnt/β-catenin signaling in
the adult tissue, e.g. through Wnt1 and Wnt3a, pro-
motes only slow myofiber types generation and inhibits
myogenesis in general [111]. But the role of Wnt proteins
in regenerative processes in the skeletal muscle differs
from that in most other tissues, due to increased signifi-
cance of the β-catenin-independent Wnt activity. It has
been shown that Wnt7a, signaling through its receptor
FZD7, is capable of activation of distinct pathways at dif-
ferent stages of myogenesis. First, the Wnt7a-FZD7 inter-
action leads to activation of the Wnt-PCP (planar cell
polarity) pathway which is responsible for symmetric
expansion of satellite cells in the muscle tissue [112] – a
small sub-population of muscle cells that are capable of
self-renewal and act as muscle stem cells during regener-
ation [113]. Over-expression of Wnt7a enhances muscle
regeneration by means of increasing the satellite cell num-
ber, whereas muscles with down-regulated Wnt7a exhibit
a significant decrease in satellite cell numbers, impairing
the regeneration capacity. At this level of action, Wnt7a
does not affect the growth or differentiation of myoblasts.
Next, stimulation of FZD7 by Wnt7a in differentiated myo-
fibers directly activates the Akt/mTOR growth pathway
through Gαs and PI3K, thereby inducing myofiber hyper-
trophy [114]. Thus Wnt7a serves as a muscle growth-
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pendently from β-catenin. Recently a third level of Wnt7a
activity in regenerating muscles has been described, where
the Wnt7a/FZD7 interactions have been shown to in-
crease the polarity and directional migration of murine
and human myogenic progenitors through activation of
Dvl2 and the small GTPase Rac1, resulting in improved
muscle strength [115].
Taken together, these findings identify Wnt7a as an
important drug candidate against muscle wasting dis-
eases like sarcopenia, cachexia or muscular dystrophies,
and for improvement of stem cell-based muscle regenera-
tive therapy. Therapeutic potential of Wnt7a has indeed
been tested in several systems, like the mouse model of
Duchenne muscular dystrophy, where the Wnt7a treat-
ment stimulated satellite cell expansion and myofiber
hypertrophy and even led to a significant increase in
muscle strength. Furthermore, Wnt7a decreased the level
of contractile damage, most likely by inducing a shift in
the fiber type toward the slow-twitch [114]. In other ex-
periments a short treatment with Wnt7a notably increased
muscle tissue dispersal and engraftment, significantly im-
proving the muscle function [115].
Interestingly, a truncated Wnt7a variant consisting of
only 137 C-terminal amino acids and devoid of the con-
served palmitoylation sites has recently been shown to
preserve the full biological activity of the native protein
in skeletal muscles [116]. It retained the capability of inter-
action with its receptor FZD7 and stimulation of symmet-
ric expansion of satellite stem cells through the PCP
pathway, as well as induction of myofiber hypertrophy
by signaling through the AKT/mTOR pathway [116].
This finding is of a special importance for the Wnt7a-
based muscle therapy, because natural, palmitoylated
Wnt proteins are hard to use in medical and biotechno-
logical applications due to their large size, low product-
ivity and poor solubility. Evidence that truncated Wnts
may in some cases retain the therapeutic potential may
be a first step to production of active Wnt-related pep-
tides, easily applicable to muscle disease treatment.Skin and hair follicles
In the skin, β-catenin-dependent Wnt signaling is one of
the dominant pathways regulating the patterning and
determining the fate of embryonic and adult stem cells
during their differentiation, as well as subsequently con-
trolling the function of differentiated skin cells [117]. An
important element of the skin are hair follicles, whose mor-
phogenesis also depends on Wnt, along with Shh, Notch,
BMP and other signaling pathways interacting with each
other. The Wnt/β-catenin pathway is a key player during
hair follicle induction, acting through the EDA/EDAR/NF-
κB signaling [118].There is evidence pointing out an involvement of Wnt
signaling in the skin repair and hair follicle regeneration.
For example, a Wnt synergist R-spondin2 promotes cell
proliferation in the adult epidermis [119] which is directly
linked to the skin wound healing rate. Wnts also act as
niche signals for skin stem cells located in the bulge region
of the hair follicles [120,121]. Although the effects of Wnt/
β-catenin signaling were previously regarded to be opposite
on the epidermal and the hair follicle stem cells [122], it
has recently been shown that β-catenin-dependent signal-
ing actually promotes proliferation of these both stem cell
populations, thus being a driving force for regeneration of
both the skin and hairs [117,123]. Interfollicular epidermal
stem cells have been shown to express the Wnt target gene
Axin2 and to require Wnt/β-catenin signaling for prolif-
eration, producing autocrine Wnts as well as long-range
secreted Wnt inhibitors, thus suggesting an autocrine
mechanism of stem cell self-renewal in the epidermis.
These cells are able to promote skin wound healing,
with no demand for a quiescent stem cell subpopulation
[117]. In another work, experiments on β-catenin dele-
tion and LRP5/6 inhibitor Dkk1 over-expression have
indicated a necessity of Wnt/β-catenin signaling for fol-
licular stem cell proliferation; the same work confirms the
data on the Wnt-dependent renewal of the inter-follicular
epidermis [123]. Activation of β-catenin specifically within
murine hair follicle stem cells has been found sufficient to
induce hair growth independently of mesenchymal dermal
papilla niche signals normally required for the hair regen-
eration [124].
Artificial up-regulation of Wnt/β-catenin signaling in
regenerating hair follicles through adenoviral infection
of mice with Wnt10b has led to an increase in the size
of regenerating follicles and to excessive proliferation of
follicle cells. The observed effects were reduced when
the mice were co-infected with Dkk1 and Wnt10b [125].
These findings suggest that ectopic Wnt10b and Dkk1 can
be used to modulate the follicle size and proliferation dur-
ing hair regeneration.
Another example of effective use of external Wnt
treatment to improve the skin wound healing rate is the
injection of Wnt3a-carrying liposomes into the skin of
injured mouse ears. The liposomal Wnt3a has demon-
strated the ability to enhance Wnt signaling in the dam-
aged tissue and to dramatically improve the wound healing
rate [126]. Hair growth (seen as hair follicle progression
from telogen to anagen and by overall up-regulation of hair
induction-related genes) could also be enhanced in mice
upon treatment with Wnt1-conditioned media [127].
Interestingly, there are clinical data showing that ec-
topic application of Wnt7a as a component of a growth
factor cocktail enhances hair growth, possibly suggest-
ing that Wnt7a could act in a β-catenin-dependent way
in this case [128].
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signaling have been successfully applied to skin and hair
regeneration. Valproic acid, an inhibitior of GSK3β, has
shown its efficacy in boosting the cutaneous wound repair
in mice [129] as well as promoting hair growth in cell
culture [130] and inducing hair regeneration in murine
systems [131] and in clinical trials [132]. Along with the
bone, the skin and hair regeneration is the field where the
Wnt-based therapy is well advanced, as compared to other
organs and tissues.
Neuroprotection and Alzheimer’s disease
Wnt signaling is actively involved in neurogenesis and
modulation of the synaptic function in the adult [133].
Further, association of the Aβ-peptides and Alzheimer’s
disease etiology in general with the Wnt signaling-induced
processes has been reported many times [134,135]. The
Aβ-peptides have been shown to directly inhibit the Wnt/
β-catenin cascade by interacting with FZDs and impairing
the normal activation of the pathway [136]. Such impair-
ment can in turn lead to synaptic degeneration. On the
other hand, addition of exogenous Wnt3a or LiCl activat-
ing the Wnt/β-catenin pathway has been shown to pre-
vent the Aβ-peptide-mediated synaptic degeneration and
cell death in a neuronal cell culture [137]. It has also been
shown that neuroprotective effects of Wnt3a are mediated
by the receptor FZD1 [138]. Recent studies confirm the
importance of the Wnt/β-catenin signaling as an anti-
Alzheimer acting force, as activation of the cascade
using Bromoindirubin-30-Oxime (6-BIO), an inhibitor
of GSK3β, protects hippocampal neurons from Aβ-
oligomers and reduces the rate of neuronal apoptosis
[139]. Moreover, the same study suggests that the β-
catenin-independent Wnt5a-mediated Ca2+-dependent
signaling could modulate mitochondrial dynamics and
prevent the changes induced by the Aβ-peptide oligo-
mers in mitochondrial fission and fusion usually present
in neurodegenerative diseases [139].
Other small molecule Wnt/β-catenin signaling ago-
nists have also demonstrated an ability to increase adult
neurogenesis or inhibit the neurodegenerative effects of
the Aβ-peptides. Simvastatin has been shown to synergize
with Wnt/β-catenin signaling in vivo and in vitro, enhan-
cing it through depletion of isoprenoid synthesis (which is
involved in the regulation of membrane-located proteins
like small GTPases) and improving the rate of adult hippo-
campal neurogenesis, making it a potential neuroprotective
drug [140]. In a mouse model of Alzheimer’s, treatment
with LiCl reduced amyloid-induced memory impairment
and decreased Aβ-peptide aggregation. These effects were
paralleled by stabilization of β-catenin [141].
Another interesting example of small molecule agonists
of Wnt/β-catenin signaling able to act in the brain is cur-
cumin. Cucrumin-coated nanoparticles could activate theWnt/β-catenin pathway in rat brains and reverse learning
and memory dysfunctions in the Aβ-induced rat model of
the Alzheimer’s disease by stimulation of neurogenesis.
In silico molecular docking studies suggest the possible
mechanisms of curcumin action through interaction with
Wnt antagonists Wif-1, Dkk, and the β-catenin inhibitor
GSK3β [142]. These observations make the therapies
based upon the Wnt-cascade activation a promising way
to treat the Alzheimer’s disease and other neurodegen-
erative diseases.
However, in case of the brain tissue, over-activation of
Wnt pathways can also be counterproductive in thera-
peutic applications, as Wnts are known to stimulate
pro-inflammatory processes in microglia, thus complicat-
ing the Alzheimer’s disease treatment. An increase in
Wnt/β-catenin signaling has been observed in microglia
of mice with Alzheimer’s-like pathology; in cultured
microglia, treatment with Wnt3a activated the β-catenin-
dependent pathway and led to increased expression of pro-
inflammatory genes [143]. Experiments on the axon injury
model in mice have demonstrated that down-regulation
of β-catenin-dependent signaling by a tissue-specific gene
knockout in oligodendrocyte precursor cells facilitates
axonal regeneration in damaged tissue and reduces the
glial scarring [144]. Interestingly, β-catenin-independent
Wnt5a signaling is also implicated in microglial pro-
inflammatory transformation via the ERK1/2 pathway
[145]. Such controversial involvement of distinct Wnt
pathway branches in regeneration and inflammation of
the neural tissue will require a more detailed study of
the interplay of different signaling pathways and a very
accurate application of Wnt signaling activators in case
of future therapeutic Alzheimer’s disease treatment.
Discussion on regeneration
Generally, the regeneration processes in most tissues are
regulated by re-activating the Wnt/β-catenin signaling,
which leads to stem cell proliferation and/or differenti-
ation, although in some cases β-catenin-independent
Wnts take on the leading role, as it is the case with the
skeletal muscle. In spite of a complex interplay of Wnt sig-
naling with other signaling cascades, straightforward ap-
proaches like ectopic treatment of the injured organs or
tissues with Wnt agonists have shown their effectiveness
in different tissues, improving the regeneration rate. Com-
bining these findings with possibilities to further enhance
therapeutic potential of Wnts through viral or liposomal
delivery or by engineering of small Wnt-related peptides
allows us to look optimistically towards the direct use
of Wnt cascade agonists in regenerative medicine. In
addition to application of the truncated Wnt7a in the
muscle, short peptide analogs of Wnt5a or their more
stable formylated derivatives have shown to mimic the
biological activity of the native Wnt5a protein by
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Structure-assisted design [44,146] and directed protein
evolution approaches [147] can help in generation of
novel Wnt-derived pro-regenerative agents. Other ap-
proaches are the indirect methods to enhance intrinsic
Wnt activity in the injured or diseased tissue and have also
proven their applicability. For example, down-regulation
of the natural Wnt inhibitors has been shown to work well
in aiding the bone repair. Several regenerative therapeutic
approaches targeting the Wnt/β-catenin pathway in the
skin and the bone are already in clinical trials (Table 2).
Liver, brain, skin and bones are the well-studied organs
for Wnt/β-catenin regenerative applications, but they do
not limit the potential of possible targets for the Wnt-based
regeneration therapy. It is known that Wnt/β-catenin sig-
naling is also involved in angiogenesis [148], indicating that
modulation of this pathway might be used as an instrument
to treat cardiovascular diseases including myocardial infarc-
tion [149] or target angiogenesis in tumors. Practical at-
tempts in this direction have already been made: recent
studies indicate that UM206, a small peptide homolog of
Wnt3a/Wnt5a capable of blocking FZD signaling, can im-
prove heart tissue regeneration after infarction [150].
Approaches for the future regenerative medicine do
not stop just at the increasing of the natural regeneration
rate. A highly desired goal is to develop technologies of
tissue engineering and of growth and transplantation of
artificial organs. Although no complete functional organs
ready for transplantation have been grown so far, first
efforts have already been made in this direction. Such
complex tasks would involve multiple steps and demand
compound cocktails of different growth factors, where
Wnt signaling activators are essential components in most
cases. A successful attempt to grow an optic cup (retinal
primordium) structure from a three-dimensional culture
of mouse embryonic stem cell aggregates has been per-
formed, which involved a treatment with Wnt/β-catenin
pathway agonists at certain steps [151]. As a conclusion, it
can be claimed that development and production of highly
active and tissue-specific agonists of the Wnt/β-catenin
signaling, either peptide-based or small-molecule analogs,
is a goal of high importance for regenerative medicine in
the next decades.
Safety of Wnt pathway targeting
As exemplified above, the Wnt pathways are involved
not only in many developmental processes but also in the
maintenance of adult tissue homeostasis. Thus a careful
safety assessment of drugs directly or non-directly target-
ing the Wnt signaling is required. It is clear that a general
inhibition of the Wnt/β-catenin pathway is potentially un-
safe, mainly because of: (i) broad Wnt/FZD expression
pattern; (ii) the role of the pathway in the maintenance of
the differentiated epithelium and its interaction withmesenchymal cells; (iii) its involvement in stem cell
pluripotent state maintenance; (iv) its role in bone
homeostasis. A recent review [152] provides a very de-
tailed discussion of safety concerning targeting of the
Wnt pathways, both in regenerative medicine and on-
cology. Here we would like to provide only a few illus-
trations highlighting this safety issue – as well as the
issue of difficulty in predicting whether a certain Wnt-
targeting drug candidate would or would not have par-
ticular side effects.
The first example is about the FZD co-receptor antago-
nists. Blockade of Wnt/β-catenin signaling by adenovirus-
mediated expression of Dkk1 (a natural LRP5/6 antagonist)
in mice has been shown to suppress epithelium prolifera-
tion in small intestine and colon, accompanied by progres-
sive architectural degeneration with the loss of crypts, villi,
and glandular structure by 7 days [153]. Further, ectopic
Dkk1 expression led to a complete failure of hair follicule
formation in adult mice [154]. In contrast to that in vivo
administration of an LRP6 antagonist Mesd markedly sup-
pressed growth of MMTV-Wnt1 tumors without causing
undesirable side effects [155].
Another example concerns the potential of using Wnt
proteins as drugs. Indeed, some Wnts have tumor sup-
pressing activity. Wnt5a, for example, is often viewed as
a “non-canonical” Wnt capable of antagonizing the Wnt/β-
catenin signaling and has a role in limiting B-cell prolifera-
tion and functions as a tumor suppressor in hematopoietic
tissue [156]. Mice hemizygous for Wnt5a develop clonal
myeloid leukemias and B cell lymphomas and display loss
of Wnt5a function in tumor tissues. On the other hand,
expression of Wnt3a (a prototypical activator of the Wnt/
β-catenin signaling and thus a presumed pro-oncogenic
factor) in mouse melanoma model decreased the prolifera-
tion of the tumor and suppressed the metastasis [157].
Therefore whether the application of a certain Wnt will be
anti- or pro-oncogenic may be highly context-depending.
In many cases, the side effects whose presence or ser-
iousness has been ruled out during pre-clinical studies
appear during clinical trials, despite all pre-cautionary
measures. For example, the enthusiasm initially shown for
both of Oncomed Pharmaceuticals’ Wnt pathway bio-
logics, vantictumab and OMP-54F28, diminished when
clinical trials for both were put on hold. The quoted rea-
sons for halting patient enrollment dosing are bone-
related side-effects ranging “from mild to moderate”
(http://www.reuters.com/article/2014/06/13/us-oncomed-
study-idUSKBN0EO1B920140613). These were observed
in 8 out of 63 (13%) patients treated with vantictumab and
in 2 out of 41 (5%) with OMP-54F28. Since the increase in
bone turnover has been stated as one of the vantictumab
pharmacodynamics effects, it is logical to assume that the
mentioned percentage of patients developed osteoporosis.
Lowering the dosage and frequency of the drugs might
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negative impact on the drug efficacy.
The root of the current problem with vantictumab in
particular may lie in the initial design of the drug
molecule. It binds to 5 out of 10 FZD family mem-
bers in vitro and potentially even more in vivo. How-
ever, not all of the FZDs that bind to vantictumab are
over-expressed or over-activated in the solid tumors
included in the clinical study. Conversely, only some
FZD members may be critical for bone remodeling. A
FZD mAb with less broad specificity could still have
been effective, inhibiting signaling originating from
pro-oncogenic FZDs (or just one FZD) while not af-
fecting the FZDs indispensable for osteogenesis. These
considerations highlight perhaps the most important
issue in targeting the Wnt pathways – safety is likely
to result from higher specificity in targeting a particular
sub-pathway implicated in a certain pathogenic condition,
rather than bluntly suppressing all or most of the sub-
pathways [158,159].
Conclusion
As discussed above, Wnt signaling plays important func-
tions in cancer progression and tissue regeneration. Iron-
ically, what is therapeutically good for one (activation of
the pathway in regeneration) is bad in for the other (anti-
cancer treatment). Thus, extreme care must be taken
when developing Wnt-stimulating pro-regenerative drugs,
to exclude the risks of cancer complications. This demand
appears not un-achievable through design of highly spe-
cific and/or local activators of the Wnt pathways. On
the other hand, the expected side effects in targeting the
Wnt/β-catenin pathway in anti-cancer treatments are
myelo- and gastrointestinal suppression, exactly due to
the adverse effects of anti-Wnt treatments on prolifera-
tion of hematopoetic and intestinal stem cells, as well as
progenitor cells in other organs. Here again, a hope is
for designing specific agents targeting the Wnt/FZD
sub-pathways activated in a given cancer, rather than
blocking the Wnt/β-catenin signaling altogether [159].
In this regard, attacking higher ‘floors’ of the signaling
hierarchy – i.e. the ligands and receptors – appears
especially promising [48,158]. It is important to remem-
ber that the Wnt pathways must be fine-tuned for the
normal physiology control. As recent works indicate
[47], even moderate attenuation of Wnt signaling can
eliminate its carcinogenic potential. Therefore it is pos-
sible to keep the “good” physiological level of Wnt sig-
naling by finding the right target and a right tool to act
on this target in a desired mode. Perhaps the fact that
Wnt signaling in tumor tissues is exacerbated relative to
normal tissue as well as a potential of normal tissue to
recover could provide the safe window of Wnt inhib-
ition in therapy.Abbreviations
AML: Acute myeloid leukemia; 2-AMBMP: 2-amino-4-(3,4- (methylenedioxy)
benzylamino)-6-(3-methoxyphenyl)pyrimidine; 6-BIO: Bromoindirubin-30-
Oxime; CSC: Cancer stem cell; Dvl: Dishevelled; FZD: Frizzled; GPCR: G-protein
coupled receptor; HCC: Hepatocellular carcinoma; mAb: Monoclonal
antibody; PCP: Planar cell polarity; sFRP: Secreted Frizzled-related protein;
siRNA: Small interfering RNA; TNK: Tankyrase.
Competing interests
D.P. is an employee of IBC Generium LLC. V.L.K. is a co-founder of TNBCure
Ltd. Both companies are involved in Wnt-targeting drug discovery efforts.
Authors’ contributions
AB and DP wrote the manuscript; VLK designed the structure and wrote the
manuscript. All authors read and approved the final manuscript.
Acknowledgements
This work was funded by the Swiss Cancer League (grant number KFS-2978-
08-2012 to V.L.K.) and the Dynasty Foundation (grant number DP-B-14/13 to
A.B.). We thank Dr. Gonzalo Solis for critically reading the manuscript.
Author details
1Institute of Protein Research, Russian Academy of Sciences, Pushchino,
Russian Federation. 2IBC Generium LLC, Volginsky, Russian Federation.
3Department of Pharmacology and Toxicology, University of Lausanne,
Lausanne, Switzerland.
Received: 22 June 2014 Accepted: 5 September 2014
Published: 11 September 2014
References
1. Logan CY, Nusse R: The Wnt signaling pathway in development and
disease. Annu Rev Cell Dev Biol 2004, 20:781–810.
2. Adell T, Nefkens I, Muller WE: Polarity factor ‘Frizzled’ in the demosponge
Suberites domuncula: identification, expression and localization of the
receptor in the epithelium/pinacoderm(1). FEBS Lett 2003, 554(3):363–368.
3. Moroz LL, Kocot KM, Citarella MR, Dosung S, Norekian TP, Povolotskaya IS,
Grigorenko AP, Dailey C, Berezikov E, Buckley KM, Ptitsyn A, Reshetov D,
Mukherjee K, Moroz TP, Bobkova Y, Yu F, Kapitonov VV, Jurka J, Bobkov YV,
Swore JJ, Girardo DO, Fodor A, Gusev F, Sanford R, Bruders R, Kittler E, Mills CE,
Rast JP, Derelle R, Solovyev VV, et al: The ctenophore genome and the
evolutionary origins of neural systems. Nature 2014, 510(7503):109–114.
4. Solis GP, Luchtenborg AM, Katanaev VL: Wnt secretion and gradient
formation. Int J Mol Sci 2013, 14(3):5130–5145.
5. Vinson CR, Conover S, Adler PN: A Drosophila tissue polarity locus
encodes a protein containing seven potential transmembrane domains.
Nature 1989, 338(6212):263–264.
6. Katanaev VL, Ponzielli R, Semeriva M, Tomlinson A: Trimeric G protein-
dependent frizzled signaling in Drosophila. Cell 2005, 120(1):111–122.
7. Katanaev VL, Buestorf S: Frizzled Proteins are bona fide G Protein-Coupled
Receptors. Available from Nature Precedings 2009. http://hdlhandlenet/
10101/npre200927651.
8. Koval A, Katanaev VL: Wnt3a stimulation elicits G-protein-coupled
receptor properties of mammalian Frizzled proteins. Biochem J 2011,
433(3):435–440.
9. Kilander MB, Dijksterhuis JP, Ganji RS, Bryja V, Schulte G: WNT-5A stimulates
the GDP/GTP exchange at pertussis toxin-sensitive heterotrimeric G
proteins. Cell Signal 2011, 23(3):550–554.
10. Egger-Adam D, Katanaev VL: Trimeric G protein-dependent signaling by
Frizzled receptors in animal development. Front Biosci 2008, 13:4740–4755.
11. Dijksterhuis JP, Petersen J, Schulte G: WNT/Frizzled signalling: receptor-ligand
selectivity with focus on FZD-G protein signalling and its physiological
relevance: IUPHAR Review 3. Br J Pharmacol 2014, 171(5):1195–1209.
12. Gao C, Chen YG: Dishevelled: The hub of Wnt signaling. Cell Signal 2010,
22(5):717–727.
13. Egger-Adam D, Katanaev VL: The trimeric G protein Go inflicts a double
impact on axin in the Wnt/frizzled signaling pathway. Dev Dyn 2010,
239(1):168–183.
14. Cliffe A, Hamada F, Bienz M: A role of Dishevelled in relocating Axin to
the plasma membrane during wingless signaling. Curr Biol 2003,
13(11):960–966.
Blagodatski et al. Molecular and Cellular Therapies 2014, 2:28 Page 12 of 15
http://www.molcelltherapies.com/content/2/1/2815. Kimelman D, Xu W: beta-catenin destruction complex: insights and
questions from a structural perspective. Oncogene 2006, 25(57):7482–7491.
16. Willert K, Jones KA: Wnt signaling: is the party in the nucleus? Genes Dev
2006, 20(11):1394–1404.
17. Karim R, Tse G, Putti T, Scolyer R, Lee S: The significance of the Wnt pathway
in the pathology of human cancers. Pathology 2004, 36(2):120–128.
18. Purvanov V, Koval A, Katanaev VL: A direct and functional interaction
between Go and Rab5 during G protein-coupled receptor signaling.
Sci Signal 2010, 3(136):ra65.
19. Blitzer JT, Nusse R: A critical role for endocytosis in Wnt signaling.
BMC Cell Biol 2006, 7:28.
20. Veeman MT, Axelrod JD, Moon RT: A second canon. Functions and
mechanisms of beta-catenin-independent Wnt signaling. Dev Cell 2003,
5(3):367–377.
21. Mikels AJ, Nusse R: Purified Wnt5a protein activates or inhibits beta-
catenin-TCF signaling depending on receptor context. PLoS Biol 2006,
4(4):e115.
22. Willert K, Brown JD, Danenberg E, Duncan AW, Weissman IL, Reya T, Yates JR
3rd, Nusse R: Wnt proteins are lipid-modified and can act as stem cell
growth factors. Nature 2003, 423(6938):448–452.
23. Kalani MY, Cheshier SH, Cord BJ, Bababeygy SR, Vogel H, Weissman IL,
Palmer TD, Nusse R: Wnt-mediated self-renewal of neural stem/progenitor
cells. Proc Natl Acad Sci U S A 2008, 105(44):16970–16975.
24. Lu J, Hou R, Booth CJ, Yang SH, Snyder M: Defined culture conditions of
human embryonic stem cells. Proc Natl Acad Sci U S A 2006,
103(15):5688–5693.
25. Zeng YA, Nusse R: Wnt proteins are self-renewal factors for mammary
stem cells and promote their long-term expansion in culture. Cell Stem
Cell 2010, 6(6):568–577.
26. Sato T, Stange DE, Ferrante M, Vries RG, Van Es JH, Van den Brink S,
Van Houdt WJ, Pronk A, Van Gorp J, Siersema PD, Clevers H: Long-term
expansion of epithelial organoids from human colon, adenoma,
adenocarcinoma, and Barrett’s epithelium. Gastroenterology 2011,
141(5):1762–1772.
27. Curtin JC, Lorenzi MV: Drug discovery approaches to target Wnt signaling
in cancer stem cells. Oncotarget 2010, 1(7):552–566.
28. Elshamy WM, Duhe RJ: Overview: cellular plasticity, cancer stem cells and
metastasis. Cancer Lett 2013, 341(1):2–8.
29. Polakis P: Wnt signaling in cancer. Cold Spring Harb Perspect Biol 2012,
4(5):a008052.
30. Munemitsu S, Albert I, Souza B, Rubinfeld B, Polakis P: Regulation of
intracellular beta-catenin levels by the adenomatous polyposis coli
(APC) tumor-suppressor protein. Proc Natl Acad Sci U S A 1995,
92(7):3046–3050.
31. Geyer FC, Lacroix-Triki M, Savage K, Arnedos M, Lambros MB, MacKay A,
Natrajan R, Reis-Filho JS: beta-Catenin pathway activation in breast cancer
is associated with triple-negative phenotype but not with CTNNB1
mutation. Mod Pathol 2011, 24(2):209–231.
32. Parmar A, Marz S, Rushton S, Holzwarth C, Lind K, Kayser S, Dohner K,
Peschel C, Oostendorp RA, Gotze KS: Stromal niche cells protect early
leukemic FLT3-ITD + progenitor cells against first-generation FLT3
tyrosine kinase inhibitors. Cancer Res 2011, 71(13):4696–4706.
33. Naujokat C: Targeting Human Cancer Stem Cells with Monoclonal
Antibodies. J Clin Cell Immunol 2012, S5:007.
34. Takahashi-Yanaga F, Kahn M: Targeting Wnt signaling: can we safely
eradicate cancer stem cells? Clin Cancer Res 2010, 16(12):3153–3162.
35. Liu J, Pan S, Hsieh MH, Ng N, Sun F, Wang T, Kasibhatla S, Schuller AG, Li
AG, Cheng D, Li J, Tompkins C, Pferdekamper A, Steffy A, Cheng J, Kowal C,
Phung V, Guo G, Wang Y, Graham MP, Flynn S, Brenner JC, Li C, Villarroel
MC, Schultz PG, Wu X, McNamara P, Sellers WR, Petruzzelli L, Boral AL, et al:
Targeting Wnt-driven cancer through the inhibition of Porcupine by
LGK974. Proc Natl Acad Sci U S A 2013, 110(50):20224–20229.
36. Takada R, Satomi Y, Kurata T, Ueno N, Norioka S, Kondoh H, Takao T,
Takada S: Monounsaturated Fatty Acid Modification of Wnt Protein: Its
Role in Wnt Secretion. Dev Cell 2006, 11(6):791–801.
37. Huang SM, Mishina YM, Liu S, Cheung A, Stegmeier F, Michaud GA, Charlat O,
Wiellette E, Zhang Y, Wiessner S, Hild M, Shi X, Wilson CJ, Mickanin C, Myer V,
Fazal A, Tomlinson R, Serluca F, Shao W, Cheng H, Shultz M, Rau C, Schirle M,
Schlegl J, Ghidelli S, Fawell S, Lu C, Curtis D, Kirschner MW, Lengauer C, et al:
Tankyrase inhibition stabilizes axin and antagonizes Wnt signalling.
Nature 2009, 461(7264):614–620.38. Lau T, Chan E, Callow M, Waaler J, Boggs J, Blake RA, Magnuson S,
Sambrone A, Schutten M, Firestein R, Machon O, Korinek V, Choo E, Diaz D,
Merchant M, Polakis P, Holsworth DD, Krauss S, Costa M: A novel tankyrase
small-molecule inhibitor suppresses APC mutation-driven colorectal
tumor growth. Cancer Res 2013, 73(10):3132–3144.
39. Lee E, Salic A, Kruger R, Heinrich R, Kirschner MW: The roles of APC and
Axin derived from experimental and theoretical analysis of the Wnt
pathway. PLoS Biol 2003, 1(1):E10.
40. Polakis P: The many ways of Wnt in cancer. Curr Opin Genet Dev 2007,
17(1):45–51.
41. Chen M, Wang J, Lu J, Bond MC, Ren XR, Lyerly HK, Barak LS, Chen W: The
anti-helminthic niclosamide inhibits Wnt/Frizzled1 signaling. Biochemistry
2009, 48(43):10267–10274.
42. Londono-Joshi AI, Arend RC, Aristizabal L, Lu W, Samant RS, Metge BJ,
Hidalgo B, Grizzle WE, Conner M, Forero-Torres A, Lobuglio AF, Li Y,
Buchsbaum DJ: Effect of niclosamide on basal-like breast cancers.
Mol Cancer Ther 2014, 13(4):800–811.
43. Li Y, Li PK, Roberts MJ, Arend RC, Samant RS, Buchsbaum DJ: Multi-targeted
therapy of cancer by niclosamide: A new application for an old drug.
Cancer Lett 2014, 349(1):8–14.
44. Koval AV, Vlasov P, Shichkova P, Khunderyakova S, Markov Y, Panchenko J,
Volodina A, Kondrashov FA, Katanaev VL: Anti-leprosy drug clofazimine
inhibits growth of triple-negative breast cancer cells via inhibition of
canonical Wnt signaling. Biochem Pharmacol 2014, 87(4):571–578.
45. Hanaki H, Yamamoto H, Sakane H, Matsumoto S, Ohdan H, Sato A, Kikuchi A:
An anti-Wnt5a antibody suppresses metastasis of gastric cancer cells
in vivo by inhibiting receptor-mediated endocytosis. Mol Cancer Ther 2012,
11(2):298–307.
46. He B, Reguart N, You L, Mazieres J, Xu Z, Lee AY, Mikami I, McCormick F,
Jablons DM: Blockade of Wnt-1 signaling induces apoptosis in human
colorectal cancer cells containing downstream mutations. Oncogene
2005, 24(18):3054–3058.
47. DeAlmeida VI, Miao L, Ernst JA, Koeppen H, Polakis P, Rubinfeld B: The
soluble wnt receptor Frizzled8CRD-hFc inhibits the growth of
teratocarcinomas in vivo. Cancer Res 2007, 67(11):5371–5379.
48. Koval A, Katanaev VL: Platforms for high-throughput screening of Wnt/
Frizzled antagonists. Drug Discov Today 2012, 17(23–24):1316–1322.
49. Kola I, Landis J: Can the pharmaceutical industry reduce attrition rates?
Nat Rev Drug Discov 2004, 3(8):711–715.
50. Hutchings CJ, Koglin M, Marshall FH: Therapeutic antibodies directed at G
protein-coupled receptors. MAbs 2010, 2(6):594–606.
51. Jenei V, Sherwood V, Howlin J, Linnskog R, Safholm A, Axelsson L,
Andersson T: A t-butyloxycarbonyl-modified Wnt5a-derived hexapeptide
functions as a potent antagonist of Wnt5a-dependent melanoma cell
invasion. Proc Natl Acad Sci U S A 2009, 106(46):19473–19478.
52. Safholm A, Leandersson K, Dejmek J, Nielsen CK, Villoutreix BO, Andersson T:
A formylated hexapeptide ligand mimics the ability of Wnt-5a to
impair migration of human breast epithelial cells. J Biol Chem 2006,
281(5):2740–2749.
53. Safholm A, Tuomela J, Rosenkvist J, Dejmek J, Harkonen P, Andersson T: The
Wnt-5a-derived hexapeptide Foxy-5 inhibits breast cancer metastasis
in vivo by targeting cell motility. Clin Cancer Res 2008, 14(20):6556–6563.
54. Fukukawa C, Hanaoka H, Nagayama S, Tsunoda T, Toguchida J, Endo K,
Nakamura Y, Katagiri T: Radioimmunotherapy of human synovial sarcoma
using a monoclonal antibody against FZD10. Cancer Sci 2008, 99(2):432–440.
55. King TD, Zhang W, Suto MJ, Li Y: Frizzled7 as an emerging target for
cancer therapy. Cell Signal 2012, 24(4):846–851.
56. Yang L, Wu X, Wang Y, Zhang K, Wu J, Yuan YC, Deng X, Chen L, Kim CC,
Lau S, Somlo G, Yen Y: FZD7 has a critical role in cell proliferation in triple
negative breast cancer. Oncogene 2011, 30(43):4437–4446.
57. Gurney A, Axelrod F, Bond CJ, Cain J, Chartier C, Donigan L, Fischer M,
Chaudhari A, Ji M, Kapoun AM, Lam A, Lazetic S, Ma S, Mitra S, Park IK,
Pickell K, Sato A, Satyal S, Stroud M, Tran H, Yen WC, Lewicki J, Hoey T: Wnt
pathway inhibition via the targeting of Frizzled receptors results in
decreased growth and tumorigenicity of human tumors. Proc Natl Acad
Sci U S A 2012, 109(29):11717–11722.
58. Warrier S, Balu SK, Kumar AP, Millward M, Dharmarajan A: Wnt antagonist,
secreted frizzled-related protein 4 (sFRP4), increases chemotherapeutic
response of glioma stem-like cells. Oncol Res 2013, 21(2):93–102.
59. Kaur P, Mani S, Cros MP, Scoazec JY, Chemin I, Hainaut P, Herceg Z:
Epigenetic silencing of sFRP1 activates the canonical Wnt pathway and
Blagodatski et al. Molecular and Cellular Therapies 2014, 2:28 Page 13 of 15
http://www.molcelltherapies.com/content/2/1/28contributes to increased cell growth and proliferation in hepatocellular
carcinoma. Tumour Biol 2012, 33(2):325–336.
60. Chung MT, Lai HC, Sytwu HK, Yan MD, Shih YL, Chang CC, Yu MH, Liu HS,
Chu DW, Lin YW: SFRP1 and SFRP2 suppress the transformation and
invasion abilities of cervical cancer cells through Wnt signal pathway.
Gynecol Oncol 2009, 112(3):646–653.
61. Fontenot E, Rossi E, Mumper R, Snyder S, Siamakpour-Reihani S, Ma P,
Hilliard E, Bone B, Ketelsen D, Santos C, Patterson C, Klauber-DeMore N: A
novel monoclonal antibody to secreted frizzled-related protein 2 inhibits
tumor growth. Mol Cancer Ther 2013, 12(5):685–695.
62. Holland JD, Gyorffy B, Vogel R, Eckert K, Valenti G, Fang L, Lohneis P,
Elezkurtaj S, Ziebold U, Birchmeier W: Combined Wnt/beta-catenin, Met,
and CXCL12/CXCR4 signals characterize basal breast cancer and predict
disease outcome. Cell Rep 2013, 5(5):1214–1227.
63. Nejak-Bowen K, Monga SP: Wnt/beta-catenin signaling in hepatic
organogenesis. Organogenesis 2008, 4(2):92–99.
64. Tan X, Yuan Y, Zeng G, Apte U, Thompson MD, Cieply B, Stolz DB,
Michalopoulos GK, Kaestner KH, Monga SP: Beta-catenin deletion in
hepatoblasts disrupts hepatic morphogenesis and survival during mouse
development. Hepatology 2008, 47(5):1667–1679.
65. Rossi JM, Dunn NR, Hogan BL, Zaret KS: Distinct mesodermal signals,
including BMPs from the septum transversum mesenchyme, are
required in combination for hepatogenesis from the endoderm.
Genes Dev 2001, 15(15):1998–2009.
66. Gonzalez FJ: Role of beta-catenin in the adult liver. Hepatology 2006,
43(4):650–653.
67. Monga SP, Pediaditakis P, Mule K, Stolz DB, Michalopoulos GK: Changes in
WNT/beta-catenin pathway during regulated growth in rat liver
regeneration. Hepatology 2001, 33(5):1098–1109.
68. Petersen BE, Grossbard B, Hatch H, Pi L, Deng J, Scott EW: Mouse
A6-positive hepatic oval cells also express several hematopoietic stem
cell markers. Hepatology 2003, 37(3):632–640.
69. Lagasse E, Connors H, Al-Dhalimy M, Reitsma M, Dohse M, Osborne L, Wang X,
Finegold M, Weissman IL, Grompe M: Purified hematopoietic stem cells can
differentiate into hepatocytes in vivo. Nat Med 2000, 6(11):1229–1234.
70. Yang W, Yan HX, Chen L, Liu Q, He YQ, Yu LX, Zhang SH, Huang DD, Tang L,
Kong XN, Chen C, Liu SQ, Wu MC, Wang HY: Wnt/beta-catenin signaling
contributes to activation of normal and tumorigenic liver progenitor cells.
Cancer Res 2008, 68(11):4287–4295.
71. Williams JM, Oh SH, Jorgensen M, Steiger N, Darwiche H, Shupe T, Petersen BE:
The role of the Wnt family of secreted proteins in rat oval “stem”
cell-based liver regeneration: Wnt1 drives differentiation. Am J Pathol 2010,
176(6):2732–2742.
72. Xu D, Yang F, Yuan JH, Zhang L, Bi HS, Zhou CC, Liu F, Wang F, Sun SH:
Long noncoding RNAs associated with liver regeneration 1 accelerates
hepatocyte proliferation during liver regeneration by activating
Wnt/beta-catenin signaling. Hepatology 2013, 58(2):739–751.
73. Ding ZY, Liang HF, Jin GN, Chen WX, Wang W, Datta PK, Zhang MZ, Zhang B,
Chen XP: Smad6 suppresses the growth and self-renewal of hepatic
progenitor cells. J Cell Physiol 2014, 229(5):651–660.
74. Nakamura I, Fernandez-Barrena MG, Ortiz-Ruiz MC, Almada LL, Hu C, Elsawa SF,
Mills LD, Romecin PA, Gulaid KH, Moser CD, Han JJ, Vrabel A, Hanse EA,
Akogyeram NA, Albrecht JH, Monga SP, Sanderson SO, Prieto J, Roberts LR,
Fernandez-Zapico ME: Activation of the transcription factor GLI1 by WNT
signaling underlies the role of SULFATASE 2 as a regulator of tissue
regeneration. J Biol Chem 2013, 288(29):21389–21398.
75. Huch M, Dorrell C, Boj SF, Van Es JH, Li VS, van de Wetering M, Sato T,
Hamer K, Sasaki N, Finegold MJ, Haft A, Vries RG, Grompe M, Clevers H: In
vitro expansion of single Lgr5+ liver stem cells induced by Wnt-driven
regeneration. Nature 2013, 494(7436):247–250.
76. Kuncewitch M, Yang WL, Molmenti E, Nicastro J, Coppa GF, Wang P: Wnt
agonist attenuates liver injury and improves survival after hepatic
ischemia/reperfusion. Shock 2013, 39(1):3–10.
77. Leucht P, Minear S, Ten Berge D, Nusse R, Helms JA: Translating insights
from development into regenerative medicine: the function of Wnts in
bone biology. Semin Cell Dev Biol 2008, 19(5):434–443.
78. Moore KA, Lemischka IR: Stem cells and their niches. Science 2006,
311(5769):1880–1885.
79. Boyden LM, Mao J, Belsky J, Mitzner L, Farhi A, Mitnick MA, Wu D, Insogna K,
Lifton RP: High bone density due to a mutation in LDL-receptor-related
protein 5. N Engl J Med 2002, 346(20):1513–1521.80. Little RD, Carulli JP, Del Mastro RG, Dupuis J, Osborne M, Folz C, Manning SP,
Swain PM, Zhao SC, Eustace B, Lappe MM, Spitzer L, Zweier S, Braunschweiger K,
Benchekroun Y, Hu X, Adair R, Chee L, FitzGerald MG, Tulig C, Caruso A,
Tzellas N, Bawa A, Franklin B, McGuire S, Nogues X, Gong G, Allen KM,
Anisowicz A, Morales AJ, et al: A mutation in the LDL receptor-related
protein 5 gene results in the autosomal dominant high-bone-mass trait.
Am J Hum Genet 2002, 70(1):11–19.
81. Babij P, Zhao W, Small C, Kharode Y, Yaworsky PJ, Bouxsein ML, Reddy PS,
Bodine PV, Robinson JA, Bhat B, Marzolf J, Moran RA, Bex F: High bone
mass in mice expressing a mutant LRP5 gene. J Bone Miner Res 2003,
18(6):960–974.
82. Morvan F, Boulukos K, Clement-Lacroix P, Roman Roman S, Suc-Royer I,
Vayssiere B, Ammann P, Martin P, Pinho S, Pognonec P, Mollat P, Niehrs C,
Baron R, Rawadi G: Deletion of a single allele of the Dkk1 gene leads to
an increase in bone formation and bone mass. J Bone Miner Res 2006,
21(6):934–945.
83. Bodine PV, Zhao W, Kharode YP, Bex FJ, Lambert AJ, Goad MB, Gaur T,
Stein GS, Lian JB, Komm BS: The Wnt antagonist secreted frizzled-related
protein-1 is a negative regulator of trabecular bone formation in adult
mice. Mol Endocrinol 2004, 18(5):1222–1237.
84. Gaur T, Lengner CJ, Hovhannisyan H, Bhat RA, Bodine PV, Komm BS,
Javed A, Van Wijnen AJ, Stein JL, Stein GS, Lian JB: Canonical WNT
signaling promotes osteogenesis by directly stimulating Runx2 gene
expression. J Biol Chem 2005, 280(39):33132–33140.
85. Glass DA 2nd, Bialek P, Ahn JD, Starbuck M, Patel MS, Clevers H, Taketo MM,
Long F, McMahon AP, Lang RA, Karsenty G: Canonical Wnt signaling in
differentiated osteoblasts controls osteoclast differentiation. Dev Cell
2005, 8(5):751–764.
86. Holmen SL, Zylstra CR, Mukherjee A, Sigler RE, Faugere MC, Bouxsein ML,
Deng L, Clemens TL, Williams BO: Essential role of beta-catenin in
postnatal bone acquisition. J Biol Chem 2005, 280(22):21162–21168.
87. Day TF, Guo X, Garrett-Beal L, Yang Y: Wnt/beta-catenin signaling in
mesenchymal progenitors controls osteoblast and chondrocyte
differentiation during vertebrate skeletogenesis. Dev Cell 2005, 8(5):739–750.
88. Hill TP, Taketo MM, Birchmeier W, Hartmann C: Multiple roles of
mesenchymal beta-catenin during murine limb patterning. Development
2006, 133(7):1219–1229.
89. Ten Berge D, Brugmann SA, Helms JA, Nusse R: Wnt and FGF signals
interact to coordinate growth with cell fate specification during limb
development. Development 2008, 135(19):3247–3257.
90. Hadjiargyrou M, Lombardo F, Zhao S, Ahrens W, Joo J, Ahn H, Jurman M,
White DW, Rubin CT: Transcriptional profiling of bone regeneration.
Insight into the molecular complexity of wound repair. J Biol Chem 2002,
277(33):30177–30182.
91. Zhong N, Gersch RP, Hadjiargyrou M: Wnt signaling activation during
bone regeneration and the role of Dishevelled in chondrocyte
proliferation and differentiation. Bone 2006, 39(1):5–16.
92. Chen Y, Whetstone HC, Lin AC, Nadesan P, Wei Q, Poon R, Alman BA:
Beta-catenin signaling plays a disparate role in different phases of
fracture repair: implications for therapy to improve bone healing.
PLoS Med 2007, 4(7):e249.
93. Dean DB, Watson JT, Jin W, Peters C, Enders JT, Chen A, Moed BR, Zhang Z:
Distinct functionalities of bone morphogenetic protein antagonists
during fracture healing in mice. J Anat 2010, 216(5):625–630.
94. Caetano-Lopes J, Lopes A, Rodrigues A, Fernandes D, Perpetuo IP,
Monjardino T, Lucas R, Monteiro J, Konttinen YT, Canhao H, Fonseca JE:
Upregulation of inflammatory genes and downregulation of sclerostin
gene expression are key elements in the early phase of fragility fracture
healing. PLoS One 2011, 6(2):e16947.
95. Albers J, Schulze J, Beil FT, Gebauer M, Baranowsky A, Keller J, Marshall RP,
Wintges K, Friedrich FW, Priemel M, Schilling AF, Rueger JM, Cornils K,
Fehse B, Streichert T, Sauter G, Jakob F, Insogna KL, Pober B, Knobeloch KP,
Francke U, Amling M, Schinke T: Control of bone formation by the
serpentine receptor Frizzled-9. J Cell Biol 2011, 192(6):1057–1072.
96. Heilmann A, Schinke T, Bindl R, Wehner T, Rapp A, Haffner-Luntzer M,
Nemitz C, Liedert A, Amling M, Ignatius A: The Wnt serpentine receptor
Frizzled-9 regulates new bone formation in fracture healing. PLoS One
2013, 8(12):e84232.
97. Takada I, Suzawa M, Matsumoto K, Kato S: Suppression of PPAR
transactivation switches cell fate of bone marrow stem cells from
adipocytes into osteoblasts. Ann N Y Acad Sci 2007, 1116:182–195.
Blagodatski et al. Molecular and Cellular Therapies 2014, 2:28 Page 14 of 15
http://www.molcelltherapies.com/content/2/1/2898. Yamaguchi TP, Bradley A, McMahon AP, Jones S: A Wnt5a pathway
underlies outgrowth of multiple structures in the vertebrate embryo.
Development 1999, 126(6):1211–1223.
99. Almeida M, Han L, Bellido T, Manolagas SC, Kousteni S: Wnt proteins
prevent apoptosis of both uncommitted osteoblast progenitors and
differentiated osteoblasts by beta-catenin-dependent and -independent
signaling cascades involving Src/ERK and phosphatidylinositol 3-kinase/
AKT. J Biol Chem 2005, 280(50):41342–41351.
100. Li X, Grisanti M, Fan W, Asuncion FJ, Tan HL, Dwyer D, Han CY, Yu L, Lee J,
Lee E, Barrero M, Kurimoto P, Niu QT, Geng Z, Winters A, Horan T, Steavenson S,
Jacobsen F, Chen Q, Haldankar R, Lavallee J, Tipton B, Daris M, Sheng J, Lu HS,
Daris K, Deshpande R, Valente EG, Salimi-Moosavi H, Kostenuik PJ, et al:
Dickkopf-1 regulates bone formation in young growing rodents and upon
traumatic injury. J Bone Miner Res 2011, 26(11):2610–2621.
101. Agholme F, Li X, Isaksson H, Ke HZ, Aspenberg P: Sclerostin antibody
treatment enhances metaphyseal bone healing in rats. J Bone Miner Res
2010, 25(11):2412–2418.
102. Agholme F, Isaksson H, Li X, Ke HZ, Aspenberg P: Anti-sclerostin antibody
and mechanical loading appear to influence metaphyseal bone
independently in rats. Acta Orthop 2011, 82(5):628–632.
103. Ominsky MS, Li C, Li X, Tan HL, Lee E, Barrero M, Asuncion FJ, Dwyer D,
Han CY, Vlasseros F, Samadfam R, Jolette J, Smith SY, Stolina M, Lacey DL,
Simonet WS, Paszty C, Li G, Ke HZ: Inhibition of sclerostin by monoclonal
antibody enhances bone healing and improves bone density and
strength of nonfractured bones. J Bone Miner Res 2011, 26(5):1012–1021.
104. Jawad MU, Fritton KE, Ma T, Ren PG, Goodman SB, Ke HZ, Babij P,
Genovese MC: Effects of sclerostin antibody on healing of a non-critical
size femoral bone defect. J Orthop Res 2013, 31(1):155–163.
105. Gaur T, Wixted JJ, Hussain S, O’Connell SL, Morgan EF, Ayers DC, Komm BS,
Bodine PV, Stein GS, Lian JB: Secreted frizzled related protein 1 is a target
to improve fracture healing. J Cell Physiol 2009, 220(1):174–181.
106. Minear S, Leucht P, Jiang J, Liu B, Zeng A, Fuerer C, Nusse R, Helms JA: Wnt
proteins promote bone regeneration. Sci Transl Med 2010, 2(29):29ra30.
107. Arioka M, Takahashi-Yanaga F, Sasaki M, Yoshihara T, Morimoto S, Hirata M,
Mori Y, Sasaguri T: Acceleration of bone regeneration by local application
of lithium: Wnt signal-mediated osteoblastogenesis and Wnt
signal-independent suppression of osteoclastogenesis. Biochem
Pharmacol 2014, 90(4):397–405.
108. Brack AS, Conboy IM, Conboy MJ, Shen J, Rando TA: A temporal switch
from notch to Wnt signaling in muscle stem cells is necessary for
normal adult myogenesis. Cell Stem Cell 2008, 2(1):50–59.
109. Tanaka S, Terada K, Nohno T: Canonical Wnt signaling is involved in
switching from cell proliferation to myogenic differentiation of mouse
myoblast cells. J Mol Signal 2011, 6:12.
110. Fujimaki S, Hidaka R, Asashima M, Takemasa T, Kuwabara T: Wnt protein-
mediated satellite cell conversion in adult and aged mice following
voluntary wheel running. J Biol Chem 2014, 289(11):7399–7412.
111. Kuroda K, Kuang S, Taketo MM, Rudnicki MA: Canonical Wnt signaling
induces BMP-4 to specify slow myofibrogenesis of fetal myoblasts.
Skelet Muscle 2013, 3(1):5.
112. Le Grand F, Jones AE, Seale V, Scime A, Rudnicki MA: Wnt7a activates the
planar cell polarity pathway to drive the symmetric expansion of
satellite stem cells. Cell Stem Cell 2009, 4(6):535–547.
113. Kuang S, Kuroda K, Le Grand F, Rudnicki MA: Asymmetric self-renewal and
commitment of satellite stem cells in muscle. Cell 2007, 129(5):999–1010.
114. Von Maltzahn J, Bentzinger CF, Rudnicki MA: Wnt7a-Fzd7 signalling
directly activates the Akt/mTOR anabolic growth pathway in skeletal
muscle. Nat Cell Biol 2012, 14(2):186–191.
115. Bentzinger CF, Von Maltzahn J, Dumont NA, Stark DA, Wang YX, Nhan K,
Frenette J, Cornelison DD, Rudnicki MA: Wnt7a stimulates myogenic stem
cell motility and engraftment resulting in improved muscle strength.
J Cell Biol 2014, 205(1):97–111.
116. Von Maltzahn J, Zinoviev R, Chang NC, Bentzinger CF, Rudnicki MA: A
truncated Wnt7a retains full biological activity in skeletal muscle.
Nat Commun 2013, 4:2869.
117. Lim X, Tan SH, Koh WL, Chau RM, Yan KS, Kuo CJ, Van Amerongen R,
Klein AM, Nusse R: Interfollicular epidermal stem cells self-renew via
autocrine Wnt signaling. Science 2013, 342(6163):1226–1230.
118. Rishikaysh P, Dev K, Diaz D, Qureshi WM, Filip S, Mokry J: Signaling
involved in hair follicle morphogenesis and development. Int J Mol Sci
2014, 15(1):1647–1670.119. Chua AW, Ma D, Gan SU, Fu Z, Han HC, Song C, Sabapathy K, Phan TT: The
role of R-spondin2 in keratinocyte proliferation and epidermal
thickening in keloid scarring. J Invest Dermatol 2011, 131(3):644–654.
120. Merrill BJ, Gat U, DasGupta R, Fuchs E: Tcf3 and Lef1 regulate lineage
differentiation of multipotent stem cells in skin. Genes Dev 2001,
15(13):1688–1705.
121. Nguyen H, Merrill BJ, Polak L, Nikolova M, Rendl M, Shaver TM, Pasolli HA,
Fuchs E: Tcf3 and Tcf4 are essential for long-term homeostasis of skin
epithelia. Nat Genet 2009, 41(10):1068–1075.
122. Huelsken J, Vogel R, Erdmann B, Cotsarelis G, Birchmeier W: beta-Catenin
controls hair follicle morphogenesis and stem cell differentiation in the
skin. Cell 2001, 105(4):533–545.
123. Choi YS, Zhang Y, Xu M, Yang Y, Ito M, Peng T, Cui Z, Nagy A,
Hadjantonakis AK, Lang RA, Cotsarelis G, Andl T, Morrisey EE, Millar SE:
Distinct functions for Wnt/beta-catenin in hair follicle stem cell
proliferation and survival and interfollicular epidermal homeostasis.
Cell Stem Cell 2013, 13(6):720–733.
124. Deschene ER, Myung P, Rompolas P, Zito G, Sun TY, Taketo MM, Saotome I,
Greco V: beta-Catenin activation regulates tissue growth non-cell
autonomously in the hair stem cell niche. Science 2014,
343(6177):1353–1356.
125. Lei M, Guo H, Qiu W, Lai X, Tian Y, Widelitz RB, Chuong CM, Xiaohua L,
Yang L: Modulating hair follicle size with Wnt10b/DKK1 during hair
regeneration. Exp Dermatol 2014, 23(6):407–413.
126. Whyte JL, Smith AA, Liu B, Manzano WR, Evans ND, Dhamdhere GR,
Fang MY, Chang HY, Oro AE, Helms JA: Augmenting endogenous Wnt
signaling improves skin wound healing. PLoS One 2013, 8(10):e76883.
127. Dong L, Hao H, Xia L, Liu J, Ti D, Tong C, Hou Q, Han Q, Zhao Y, Liu H, Fu X,
Han W: Treatment of MSCs with Wnt1a-conditioned medium activates
DP cells and promotes hair follicle regrowth. Sci Rep 2014, 4:5432.
128. Zimber MP, Ziering C, Zeigler F, Hubka M, Mansbridge JN, Baumgartner M,
Hubka K, Kellar R, Perez-Meza D, Sadick N, Naughton GK: Hair regrowth
following a Wnt- and follistatin containing treatment: safety and
efficacy in a first-in-man phase 1 clinical trial. J Drugs Dermatol 2011,
10(11):1308–1312.
129. Lee SH, Zahoor M, Hwang JK, Min Do S, Choi KY: Valproic acid induces
cutaneous wound healing in vivo and enhances keratinocyte motility.
PLoS One 2012, 7(11):e48791.
130. Jo SJ, Choi SJ, Yoon SY, Lee JY, Park WS, Park PJ, Kim KH, Eun HC, Kwon O:
Valproic acid promotes human hair growth in in vitro culture model.
J Dermatol Sci 2013, 72(1):16–24.
131. Lee SH, Yoon J, Shin SH, Zahoor M, Kim HJ, Park PJ, Park WS, Min Do S,
Kim HY, Choi KY: Valproic acid induces hair regeneration in murine
model and activates alkaline phosphatase activity in human dermal
papilla cells. PLoS One 2012, 7(4):e34152.
132. Jo SJ, Shin H, Park YW, Paik SH, Park WS, Jeong YS, Shin HJ, Kwon O: Topical
valproic acid increases the hair count in male patients with
androgenetic alopecia: a randomized, comparative, clinical feasibility
study using phototrichogram analysis. J Dermatol 2014, 41(4):285–291.
133. Dickins EM, Salinas PC: Wnts in action: from synapse formation to
synaptic maintenance. Front Cell Neurosci 2013, 7:162.
134. Purro SA, Galli S, Salinas PC: Dysfunction of Wnt signaling and synaptic
disassembly in neurodegenerative diseases. J Mol Cell Biol 2014,
6(1):75–80.
135. Inestrosa NC, Varela-Nallar L: Wnt signaling in the nervous system and in
Alzheimer’s disease. J Mol Cell Biol 2014, 6(1):64–74.
136. Magdesian MH, Carvalho MM, Mendes FA, Saraiva LM, Juliano MA, Juliano L,
Garcia-Abreu J, Ferreira ST: Amyloid-beta binds to the extracellular
cysteine-rich domain of Frizzled and inhibits Wnt/beta-catenin signaling.
J Biol Chem 2008, 283(14):9359–9368.
137. De Ferrari GV, Chacon MA, Barria MI, Garrido JL, Godoy JA, Olivares G,
Reyes AE, Alvarez A, Bronfman M, Inestrosa NC: Activation of Wnt signaling
rescues neurodegeneration and behavioral impairments induced by
beta-amyloid fibrils. Mol Psychiatry 2003, 8(2):195–208.
138. Chacon MA, Varela-Nallar L, Inestrosa NC: Frizzled-1 is involved in the
neuroprotective effect of Wnt3a against Abeta oligomers. J Cell Physiol
2008, 217(1):215–227.
139. Silva-Alvarez C, Arrazola MS, Godoy JA, Ordenes D, Inestrosa NC: Canonical
Wnt signaling protects hippocampal neurons from Abeta oligomers: role
of non-canonical Wnt-5a/Ca(2+) in mitochondrial dynamics. Front Cell
Neurosci 2013, 7:97.
Blagodatski et al. Molecular and Cellular Therapies 2014, 2:28 Page 15 of 15
http://www.molcelltherapies.com/content/2/1/28140. Robin NC, Agoston Z, Biechele TL, James RG, Berndt JD, Moon RT:
Simvastatin Promotes Adult Hippocampal Neurogenesis by Enhancing
Wnt/beta-Catenin Signaling. Stem Cell Rep 2014, 2(1):9–17.
141. Toledo EM, Inestrosa NC: Activation of Wnt signaling by lithium and
rosiglitazone reduced spatial memory impairment and
neurodegeneration in brains of an APPswe/PSEN1DeltaE9 mouse model
of Alzheimer’s disease. Mol Psychiatry 2010, 15(3):272–285. 228.
142. Tiwari SK, Agarwal S, Seth B, Yadav A, Nair S, Bhatnagar P, Karmakar M,
Kumari M, Chauhan LK, Patel DK, Srivastava V, Singh D, Gupta SK, Tripathi A,
Chaturvedi RK, Gupta KC: Curcumin-loaded nanoparticles potently
induce adult neurogenesis and reverse cognitive deficits in Alzheimer’s
disease model via canonical Wnt/beta-catenin pathway. ACS Nano 2014,
8(1):76–103.
143. Halleskog C, Mulder J, Dahlström J, Mackie K, Hortobágyi T, Tanila H,
Kumar Puli L, Färber K, Harkany T, Schulte G: WNT signaling in activated
microglia is proinflammatory. Glia 2011, 59(1):119–131.
144. Rodriguez JP, Coulter M, Miotke J, Meyer RL, Takemaru K, Levine JM:
Abrogation of β-Catenin Signaling in Oligodendrocyte Precursor Cells
Reduces Glial Scarring and Promotes Axon Regeneration after CNS
Injury. J Neurosci 2014, 34(31):10285–10297.
145. Halleskog C, Dijksterhuis JP, Kilander MB, Becerril-Ortega J, Villaescusa JC,
Lindgren E, Arenas E, Schulte G: Heterotrimeric G protein-dependent
WNT-5A signaling to ERK1/2 mediates distinct aspects of microglia
proinflammatory transformation. J Neuroinflammation 2012, 9:111.
146. Janda CY, Waghray D, Levin AM, Thomas C, Garcia KC: Structural basis of
Wnt recognition by Frizzled. Science 2012, 337(6090):59–64.
147. Blagodatski A, Katanaev VL: Technologies of directed protein evolution
in vivo. Cell Mol Life Sci 2011, 68(7):1207–1214.
148. Reis M, Liebner S: Wnt signaling in the vasculature. Exp Cell Res 2013,
319(9):1317–1323.
149. Daskalopoulos EP, Hermans KC, Janssen BJ, Matthijs Blankesteijn W:
Targeting the Wnt/frizzled signaling pathway after myocardial infarction:
a new tool in the therapeutic toolbox? Trends Cardiovasc Med 2013,
23(4):121–127.
150. Laeremans H, Hackeng TM, Van Zandvoort MA, Thijssen VL, Janssen BJ,
Ottenheijm HC, Smits JF, Blankesteijn WM: Blocking of frizzled signaling
with a homologous peptide fragment of wnt3a/wnt5a reduces infarct
expansion and prevents the development of heart failure after
myocardial infarction. Circulation 2011, 124(15):1626–1635.
151. Eiraku M, Takata N, Ishibashi H, Kawada M, Sakakura E, Okuda S, Sekiguchi K,
Adachi T, Sasai Y: Self-organizing optic-cup morphogenesis in
three-dimensional culture. Nature 2011, 472(7341):51–56.
152. Kahn M: Can we safely target the WNT pathway? Nat Rev Drug Discov
2014, 13(7):513–532.
153. Kuhnert F, Davis CR, Wang HT, Chu P, Lee M, Yuan J, Nusse R, Kuo CJ:
Essential requirement for Wnt signaling in proliferation of adult small
intestine and colon revealed by adenoviral expression of Dickkopf-1.
Proc Natl Acad Sci U S A 2004, 101(1):266–271.
154. Andl T, Reddy ST, Gaddapara T, Millar SE: WNT signals are required for the
initiation of hair follicle development. Dev Cell 2002, 2(5):643–653.
155. Liu CC, Prior J, Piwnica-Worms D, Bu G: LRP6 overexpression defines a
class of breast cancer subtype and is a target for therapy. Proc Natl Acad
Sci U S A 2010, 107(11):5136–5141.
156. Liang H, Chen Q, Coles AH, Anderson SJ, Pihan G, Bradley A, Gerstein R,
Jurecic R, Jones SN: Wnt5a inhibits B cell proliferation and functions as a
tumor suppressor in hematopoietic tissue. Cancer Cell 2003, 4(5):349–360.
157. Chien AJ, Moore EC, Lonsdorf AS, Kulikauskas RM, Rothberg BG, Berger AJ,
Major MB, Hwang ST, Rimm DL, Moon RT: Activated Wnt/beta-catenin
signaling in melanoma is associated with decreased proliferation in
patient tumors and a murine melanoma model. Proc Natl Acad Sci U S A
2009, 106(4):1193–1198.
158. Barker N, Clevers H: Mining the Wnt pathway for cancer therapeutics.
Nat Rev Drug Discov 2006, 5(12):997–1014.
159. Katanaev VL: Prospects of targeting Wnt signaling in cancer. J Pharmacol
Toxicol Res 2014, 1(1):1–3.
doi:10.1186/2052-8426-2-28
Cite this article as: Blagodatski et al.: Targeting the Wnt pathways for
therapies. Molecular and Cellular Therapies 2014 2:28.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
